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This report presents the progress done in the first 1.5 years in relation to the PhD project “Virtual Power 
Plant for Residential Demand Response”. The PhD project aims to gain insight on demand response 
provision in residential buildings by using a Virtual Power Plant (VPP) in a smart grid scenario. The 
document shows an architectural overview of the designed VPP and a prototype of the latter based on 
industrial automation equipment. Furthermore, the report introduces the control strategy of the VPP. This 
strategy is based on a model predictive control approach to locally optimise energy resources and to 
provide demand response to an aggregator. In addition, an initial study on prediction models for 
electricity consumption of residential buildings is presented. Load forecasting models like the ones 
described are used by the intelligence of the VPP for decision making. The report concludes by outlining 
the future work together with the planed publications that will lead to timely completion of the PhD study.  
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The purpose of this report is to present the progress in relation to the PhD project
"Virtual Power Plant for Residential Demand Response" carried out at the Department
of Engineering at Aarhus University (AU). The document describes the work conducted
during the first 1.5 years of the PhD and details the envisioned future plans for the
remaining time.
This chapter is meant to introduce the reader to the PhD project. The chapter starts
with an introduction to the research field followed by the aim of the PhD project. The
chapter finalises outlining the structure of all the document.
1.1 Field of Research
The traditional electric grid is being re-engineered to tackle backbone problems. On one
side, the worldwide electricity consumption is increasing every year [1]. This problem
has traditionally been solved by investing in the distribution electric network to increase
the maximum power of the grid. On the other side, the way electricity is produced
nowadays is highly pollutant on CO2 emissions [1], leading to the commonly accepted
global warming. It is becoming increasingly difficult to ignore these issues and many
governmental institutions are trying to face them by setting ambitious goals on climate
and energy policies.
In 2007, the European Council set three ambitious energy targets for 2020: 20% re-
duction of greenhouse gases, 20% electricity produced by renewable energies and 20%
increase of energy efficiency [2]. On national level these policies are applied differently.
For example, the Danish government strives to a 30% of electricity produced by renewable
energy sources by 2020 and 100% by 2050 including transportation [3]. Satisfying all these
needs will require a change in the electrical grid to overcome a set of new challenges. This
forthcoming grid is known as the Smart Grid [4].
The Smart Grid is the future electrical grid that will use Information and Commu-
nication Technology (ICT) as a vehicle to handle a large amount of Distributed Energy
Resources (DER) to increase the efficiency and reliability of the overall system. One of the
many challenges towards the Smart Grid is the integration of renewable energies. These
energy sources will enable the reduction of CO2 emissions but at the cost of increasing
the grid operation complexity. Compared to traditional power plants, renewable energy
1
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sources like photovoltaic panels or wind turbines cannot produce energy on-demand thus
making it more challenging to balance the electricity production and the consumption.
With high share of renewable production and in absence of cost-effective storage solu-
tions, higher flexibility will be required from the demand side to adapt the consumption
to the intermittent generation. Demand response is emerging as a key asset to provide
this flexibility from the consumers in the Smart Grid [5].
The Department of Energy of the United States (US) defines demand response as a
“change in electric usage by end-use customers from their normal consumption patterns
in response to changes in the price of electricity over time, or incentive payments designed
to induce lower electricity use at times of high wholesale market prices or when system
reliability is jeopardized” [6]. In the US, demand response is already a business having
around 40 curtailment service providers that are able to aggregate up to 10,000 MW of
flexibility (peak demand reduction) of several consumers [6].
Demand response can be provided from different types of electricity consumers: large
commercial and industrial, small commercial and industrial, residential, individual and
fleet of plug-in Electric Vehicle (EV) [5]. Large commercial and industrial consumers are
very attractive from a demand response point of view for having high and centralised loads.
EVs will open new demand response opportunities as they are integrated in the market by
shifting the load to alleviate grid congestion [7]. Small commercial and industries could
be considered similar to residential consumers for having relatively low and distributed
electricity usage. Small residential consumers have loads that can be limited from a
demand response perspective, e.g., depending on the willingness of the consumer. Having
low, distributed and somehow limited electricity loads in the residential domain makes
demand response provision more challenging. However, the residential sector accounts to
30% of the electricity usage in the European Union (EU) [8], thus opening a wide range
of demand response possibilities to be investigated.
The demand response potential of a single household is modest and by itself is not
attractive when balancing the grid. Hence, it is commonly accepted the need of aggre-
gating these low and decentralised electricity loads. Some studies aggregate loads at a
building level [9], others at a neighbourhood level [10] and others at a city level [11].
When aggregating loads, ensuring a good coordination is a highly important task. One
possible approach in this scenario is to use a Virtual Power Plant (VPP) [12]. A VPP
can be defined as “a cluster of dispersed generator units, controllable loads and storages
systems, aggregated in order to operate as a unique power plant” [13]. A VPP can be
used to manage DER and to enable these to market participation [14, 15].
This PhD project aims to investigate the feasibility of using a VPP to manage the
energy resources in a residential building. The envisioned VPP optimally regulates the
electricity usage in the entities under control and provides flexible consumption through
demand response.
1.2 Project Aim: Hypothesis and Purpose
The goal of this project is to provide insights to ease demand response provision in the
residential sector by designing, developing and validating a VPP of a residential building.
The underlying hypothesis of the PhD project is:
2
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It is my hypothesis that a VPP deployed on an ICT platform, can efficiently coordinate
a group of residential DER using adequate control algorithms and prediction models,
enabling aggregated demand response provision to the electricity market through an ag-
gregator in a smart grid context.
The term efficiently used in the hypothesis to describe the DER coordination entails
the time responsiveness, the reliability of the communication and the quality of the service
provided. The main idea is to analyse the concept of a residential VPP from an holistic
perspective considering: the design and analysis of the ICT platform required, the control
methods to manage electricity usage, the prediction models for the VPP operation and
the interconnection with the electricity market. The approach followed in the PhD is
illustrated in Figure 1.1, where each part is first considered independently and at the end























Figure 1.1: Overview of the research areas in the PhD.
The raised hypothesis will be validated by:
• Designing, developing and evaluating in a set of field trials an ICT platform of a
VPP to monitor and control a residential building.
• Proposing and evaluating a suitable control strategy to be used by a VPP of a
residential building to optimally regulate the local DER and to provide demand
response.
• Studying the state of the art in methods for predicting residential electricity con-
sumption, evaluating these methods and proposing a suitable model for the VPP
operation.
• Analysing and evaluating the possibilities of providing ancillary services through
flexible energy usage that a VPP of a residential building can provide through de-
mand response bids to the electricity market via an aggregator.
• Evaluating a VPP of a residential building from a system perspective, considering the
ICT infrastructure, the control algorithms, the prediction methods and the market
interaction.
In the validation of the hypothesis, different evaluation metrics will be considered.
Examples of this metrics are accuracy indexes in prediction models, execution time for
control and prediction methods or demand response provisioning for control methods. In
the first 1.5 years of the PhD project the contributions provided to the research field are:
3
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1. A design of the ICT infrastructure of a VPP of a residential building considering all
required stakeholders.
2. A methodology to evaluate demand response protocols along with demand response
strategies.
3. A design of the control algorithm based on Model Predictive Control (MPC) for
the VPP of a residential building to regulate local DER and to provide demand
response.
4. An initial analysis on methods to predict electricity consumption in residential build-
ings.
1.3 Document Structure
The document is organised in four chapters and three appendices. The first and second
chapter are meant to introduce the reader to the field of research and the PhD project to
better understand the whole document. The third chapter introduces the concept of the
VPP of a residential building and all the different approaches considered: ICT, control,
prediction and market. The fourth and last chapter synthesises the conducted work in the
first 1.5 years of the PhD, deepens on the future plans for completion of the project and
concludes the document. The appendices document the publications done and planned,
the courses taken and the acronyms used in the report.
Chapter 1 - Introduction: Introduces the reader to the research field, presents the
purpose of the PhD project here described and outlines the structure of the document.
Chapter 2 - Background: Presents the necessary background for comprehension of the
rest of the document and describes the case study used to validate the research.
Chapter 3 - Residential VPP with Demand Response: Describes the work con-
ducted in the first 1.5 years of the PhD and briefly outlines future work plans.
Chapter 4 - Current Status and Future Plans: Summaries the contributions done
so far and details the future plans for completion of the PhD project.
Appendix A - Publications: Outlines the publications accepted, submitted and planned
related to the PhD project.
Appendix B - Course: Describes the courses carried out during the first 1.5 years of
the PhD.




This chapter provides the basic background for better understanding of the remaining
of the document. First, an overview of the electricity system is provided. Second, basic
concepts of demand response are presented. Finally, the chapter describes the case study
being used to validate the research.
2.1 Electricity System Overview
This section provides a common understanding on the naming and roles of the actors
involved in the physical delivery of electricity and the electricity market. In Figure 2.1 an
overview of the all the stakeholders and their relationship is displayed. The figure repre-
sents the Danish grid system and has been inspired from [16, 17, 18]. All the actors shown
in Figure 2.1 are described hereafter. Please note that for simplicity the figure considers
the most generic case omitting some singular ones (e.g., consumers buying electricity to
large producers through a bilateral contract).
• Bulk generation: Entity producing large amounts of electricity and trading them
into the market.
• Transmission System Operator (TSO): Entity responsible of the high-voltage
transmission of electricity that operates the whole gird system.
• Distribution System Operator (DSO): Entity responsible of the distribution of
electricity at low-voltage grid.
• Consumer: Entity using electricity that can buy electricity in the market, through
a retailer or in a bilateral contract.
• Distributed Energy Resources (DER): Entities that can generate, store and/or
consume small amounts of electricity, i.e., typically less than 250 kW [15].
• Balance Responsible Party (BRP): Entity responsible of providing flexibility
(production or consumption) to the grid in communication with the TSO.
• Retailer: Entity defining contracts with the consumers on electricity supply that




























Figure 2.1: Present Danish Electricity System [16, 17, 18]
• Market: Entity representing the electricity market. In Denmark there are two
markets depending on the time of delivery: future or financial markets and short-
term markets. The short term market is regulated by Nord Pool Spot and is divided
in day-ahead market (Elspot), adjustment market (Elbas) and real-time market. The
financial market is regulated by Nasdaq OMX Commodities.
2.2 Demand Response Basics
Demand response can provide flexibility in the electricity usage to migrate from a paradigm
where the generation follows the consumption to one where consumption follows gener-
ation. Demand response comprises all intentional alterations on consumers’ consump-
tion patterns of electricity usage in response to external signals [19]. Demand response
presents a main difference with Demand-Side Management (DSM). The former implies
a consumer-to-grid approach where the consumer becomes an active asset by managing
its own consumption thus achieving monetary benefits. On the contrary, DSM implies a
grid-to-consumer approach where a DSO decides activities to improve the efficiency of the
energy system. DSM has been already implemented in the industry the past decades [20].
The benefits from demand response are vary depending on the stakeholders point of
view. The consumers benefits from bill savings and energy usage awareness. DSOs and
TSOs have the opportunity to relieve grid constraints, increase the grid performance and
decrease grid investment for system expansion [5, 20].
Demand response resources in the residential sector mainly fall in one of these three
categories: Heating, Ventilating and Air Conditioning (HVAC), lighting and plug-loads.
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HVAC appliances present an interesting demand response potential for consuming large
amounts of electricity and for providing a storable commodity (i.e., thermal energy).
Lighting have low energy consumption highly correlated with the consumers behaviour.
Plug-loads present a large range of electricity consumption from a few W to a few kW
highly linked with consumers behaviour. The demand response potential of different ap-
pliances in a EU are widely discussed in [21]. The consumers loads can also be classified on
how they provide service to the consumers: storable load (e.g., EV and HVAC), shiftable
load (e.g., laundry), curtailable load, non-curtailable or base load and self-generation [22].
The distinction between curtailable and non-curtailable is defined by the consumers pri-
orities. The European Committee for Electrotechnical Standardization (CEN-ELEC) has
decided to adopt this naming for classifying flexibility sources [23].
Demand response is usually provided through demand response programs. The pene-
tration of these programs is different in the US and in the EU. In the US, demand response
programs are a reality being the business of 40 companies [6]. In the EU, demand response
programs penetration is lower due to the regulatory barriers that are limiting the possi-
bility of third parties to enter to electricity markets [24]. Demand response programs fall
in one of these three categories: price-based programs, incentive or event-based programs
and demand reduction bids [5]. In price-based programs, the electricity price variation mo-
tivates the consumer to change its consumption pattern. In event-based programs, DSOs
send requests to the consumers to provide demand response to support the reliability of
the grid. In demand reduction bids, the consumers send bids to inform about possible load
to be shifted or curtailed. From the described programs three demand response triggers
are identified: electricity price, demand response requests and demand response offers.
2.3 Case Study: VPP4SGR Project
The PhD project here described is fully funded by a research project under the ForskEL
program named ”Virtual Power Plants for Smart Grid Ready Buildings and Customers
(VPP4SGR)” and uses the framework provided by the later as a case study. This on-
going project started in spring 2013 and aims to develop a VPP to monitor and control
the energy usage of a residential building while providing demand response. To provide
electricity flexibility to the grid the active participation of the residents in the building is
crucial. The VPP4SGR project tackles the problem from a multidisciplinary perspective,
having as partners industry, academia and a governmental institution with large variety
of members including anthropologist, engineers and computer scientists among others.
The VPP4SGR project uses as a test bed a student dorm constructed in 2012 placed in
the harbour of Aarhus named Grundfos Dormitory Lab (GDL). This building is the home
of 180 students and has 159 apartments divided on 12 floors. The building is equipped with
a metering infrastructures having more than 3,300 sensors reporting data every 5 seconds
on electricity consumption, indoor climate conditions, domestic water and district heating
usage for each of the apartments and common areas.
The VPP4SGR project expects to provide recommendations on the construction of
future buildings and the retrofitting of the existing ones to be ready for the Smart Grid.
Furthermore, the project strives to develop models to better understand the energy be-
haviour of residential consumers and to gain insight and provide recommendations on
means to involve individuals to a larger degree. The presented PhD project contributes
to the VPP4SGR project by designing and developing the ICT platform of the VPP.
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Response
This chapter presents the research conducted during the first 1.5 years of the PhD project
and outlines future contributions. The chapter frames the current and planned contribu-
tions in the different aspects of the VPP. The chapter starts by presenting the overview of
the VPP of a residential building followed by the ICT platform design and prototyping.
The chapter follows by introducing control methods for demand response provision and
prediction models for residential electricity consumption. The chapter finalises with a
brief introduction to demand response biding in electricity market that will be studied in
the future.
3.1 Residential VPP Overview
The higher penetration of renewable energy sources in the grid is driving a shift from a
generation-oriented grid system towards a consumption-oriented. To enable this change,
higher flexibility of the consumers can be provided by demand response. In this PhD
project a VPP is proposed as tool to provide aggregated demand response from a residen-
tial building. The VPP act as a bridge between the residential consumers and the DSOs
and is crucial that it’s operation benefits both. In such scenario, the VPP interacts with
a large number of different stakeholders and interoperability problems can easily arise.
The VPP has direct control to some of the DER placed in the building and uses sensi-
tive information about the consumer. It is therefore very important to ensure the secure
operation and privacy concerns of the individuals.
Aiming to benefit both consumers and DSOs the VPP operation considers a two-
fold objective: optimally regulate local energy resources and provide demand response.
This control problem entails keeping consumers comfort, using the thermal inertia of the
building and handling disturbances like external weather conditions among others, thus
being complex to solve. To support the VPP operation, accurate prediction models of
electricity consumption are needed. Achieving good accuracy in these models is not easy
for a single residential consumer due to the different behaviour of individuals, however the
task eases when aggregating a group of consumers [25]. For the success of a product like
the proposed VPP, the interaction with electricity markets is highly important. To these
8
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markets the VPP can offer flexible consumption, local storage and production from the
building DER. Providing this flexibility with guarantees is a challenging task since part of
it relies on the consumers behaviour. All the mentioned challenges should be considered











































Figure 3.1: Residential VPP overview with studied research fields.
Figure 3.1 shows the context diagram of the designed VPP and the interaction with
the different actors. In colour the reader can see the different research areas that have been
investigated or that are meant to be investigated before completion of the PhD project.
The residential building has a set of DER that fall in one of the already mentioned
five categories: local storage, local generation, shiftable loads, curtailable loads and non-
curtailable/base loads. These DER are being monitored by a sensor network, controlled by
some home automation devices and being used by the consumers. The building monitoring
infrastructure also measures non-electrical values like indoor climate conditions and water
usage. Furthermore, the VPP collects data from external data sources like electricity
prices and grid status. The intelligence of the VPP digests all these data to regulate the
energy resources by means of controlling algorithms and prediction models. Please note
that both controlling methods and prediction models have been placed outside the VPP
system for illustrative purposes but from a product point of view they would be placed
inside. Finally, the VPP interacts with the consumers by providing services to them or
by setting performance constraints (e.g., temperature thresholds) and with an aggregator
by exchanging demand response bids. The role of the aggregator is still not well defined
in the current Danish grid system. The following sections deepen in each studied area in
this projects.
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3.2 VPP ICT Design and Prototype
VPPs open a new horizon of benefits in a Smart Grid scenario but also raise some chal-
lenges to be tackled. VPPs are seen as a vehicle for DER integration in the power grid
and electricity market. For that purpose a VPP needs to collect and digest data from
many different sources and send control signals to the DER under regulation presenting
interoperability issues to be solved by using standards. Furthermore, the VPP needs to
interact with the consumers providing them services and allowing them setting operation
characteristics.
In [26] the authors present an architecture of VPP for both commercial and technical
operations identifying the different stakeholders involved. A service oriented architecture
of a VPP using the IEC 61850 standard principles with Object Linking and Embedding
for Process Control (OPC) Unified Architecture is described in [27]. In [28] the authors
introduce a VPP to coordinate a fleet of EV considering the following modules: data
storage, forecasting models, optimisation methods, customer interaction and communica-
tions. VPPs have also attracted the attention of big companies like Siemens or Schneider
Electric which are already designing and developing VPPs for their customers.
The VPP here considered differs from the previously mentioned for being used in a res-
idential building. The proposed architecture is divided in 6 different modules as depicted
in Figure 3.2. The monitoring module is responsible of gathering information from dif-
ferent data providers using different protocols and sending these data to the data storage
module. The data storage module handles all actions involving the collected data having
an internal light-weight database for near-real time monitoring and controlling. Addition-
ally, this module sends all collected data to an external data warehouse for historical data
analysis (omitted for simplicity in Figure 3.1). The controlling module act as the brain
of the VPP using direct and indirect control for optimal regulation and demand response
provision. The VPP also uses prediction models like electricity consumption or presence
detection placed inside the prediction module. The interaction with the aggregator shown
in Figure 3.1 is administrated by the bidding module. Other functions like data validation




















Figure 3.2: Residential VPP component diagram.
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3.2.1 VPP Prototyping
The proposed VPP is envisioned as an Energy Management System (EMS) to be deployed
in a residential building through home automation equipment, run as a service on top of
the existing building control system. This needs to be considered on the prototyping
because these hardware devices may be constrained in resources (e.g. limited storage).
The VPP prototype is being developed for the VPP4SGR project. In the project test
bed, the GDL, the installed sensor network uses industrial automation equipment from
Beckhoff. Each of the 159 apartments contains a BC9191, Beckhoff Programmable Logic
Controller (PLC), to gather information from all the sensors. The VPP4SGR project
has purchased two BC9191 to develop a realistic laboratory set-up. For interoperability
purposes an embedded computer from Beckhoff (CX2030) has been purchased aiming to
host the VPP. Ideally the developed VPP (hardware and software) could be deployed in
the GDL to be tested.
The full laboratory set-up is depicted in Figure 3.3. A light-weight VPP collects
grid CO2 emissions forecast and day-ahead electricity prices from external information
providers (i.e., Energinet.dk and Nord Pool Spot). Additionally, the VPP gathers electric-
ity consumption from a Kamsptrup smart meter using Kamstrup Meter Protocol (KMP)
protocol [29]. The consumer puts clothes in the dryer and sets through a web-based user
interface the desired completion time and decides between a green program (CO2), eco-
nomic program (electricity price) or a weighted combination of the latter two. The control
algorithm inside the VPP makes a decision on when to run the dryer and sends a control
signal to BC9191 using Automation Device Specification (ADS) protocol [30]. Finally, the
BC9191 sends a pulse to start the tumble dryer. At the moment of writing this report the
lab set-up is nearly operative. This lab set-up has been developed in collaboration with a





























Figure 3.3: Laboratory set-up.
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The lab set-up currently consists on a light-weight version of VPP containing the
strictly necessary components to do a demonstration. A more complete, but not finalised,
version of the VPP is implemented in a server in the laboratory. This server contains all the
monitoring and data storage modules previously described. The monitoring infrastructure
collects data from five different data providers and stores it in the internal database. The
internal database consists on a rolling window database that keeps data corresponding to
a time window of one week thus erasing old data to keep the size of the database small.
The storage module sends all the data to an external data warehouse. At the moment of
writing this report a mechanism for data validation is being developed by two bachelor
students.
3.2.2 Evaluating Demand Response Protocols
A key enabler for the success of smart grids and demand response is the existence and use
of standards. The use of standards ensures the seamless interoperability between different
stakeholders. Several smart grid standards have emerged and are being developed by
different organisations in different regions. In the US the National Institute of Standards
and Technology (NIST) is leading the standardisation and in the EU the organisation
responsible of it is CEN-ELEC [4]. From the communication perspective there is a need for
standard protocols to build strong business cases around new topics like demand response.
There are currently two industrial alliances working on the standardisation, automa-
tion and simplification of demand response. The OpenADR alliance has developed an
application layer protocol named OpenADR 2.0 to ease demand response integration [31].
In contrast, the ZigBee and HomePlug alliances have recently published the Smart Energy
Profile 2.0 (SEP2) application protocol to be used for demand response applications [32].
In the literature there have been big efforts on evaluating different demand response strate-
gies and demand response programs, however these often neglect the performance of the
communication protocol being used.
A novel methodology to evaluate the performance of demand response protocols to-
gether with a demand response strategy is proposed. This methodology can be used to
assess a strategy together with a protocol and iteratively tune parameters in either the
protocol or the strategy to achieve desirable performance. The methodology consists of
three steps:
1. A model is obtained by formalising a household scenario description (previously
described in natural language), a demand response strategy and a protocol using
existing specifications (e.g., SEP2 specification [32]).
2. The developed model is synthesised into executable code and the described scenario
with the strategy and protocol are simulated.
3. The results are evaluated according to some performance metrics on both the pro-
tocol and the strategy. Monitoring performance metrics enable to tune parameters
on the protocol and the demand response strategy.
The proposed methodology has been validated with a case study, describing a real house-
hold scenario, using SEP2 as a protocol, adopting a simple upper threshold limit as a
strategy, choosing a protocol parameter as a tuning parameter and considering a set of
performance metrics on both protocol and strategy. The proposed strategy can be used
for the VPP to evaluate different strategies together with a demand response protocol
thus choosing a good combination.
12
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3.3 Control Methods
The control module of the VPP aims at optimising the local energy resources of the
building while providing flexibility to the grid by means of demand response. Building
automation systems can decrease the costs on electricity usage by shaping the load profile.
This shaping can be done by using local storage, local production and flexible loads in
a smarter manner. For that purpose, information about the current and future states of
variables like weather conditions, electricity prices and building states is needed. During
the VPP operation the comfort in the building shall not be jeopardised. Additionally, one
must add in to the problem the presence of disturbances like external weather conditions.
Last but not least the behaviour and presence of the consumers living in the building must
be taken into account.
There are mainly two control approaches for the problem faced by the VPP: direct
control and indirect control. Direct control is usually done by a centralised EMS that
automatically regulates DER after an agreement with the consumer. Indirect control
consist on providing some information to the consumers, like electricity prices or grid
CO2 emissions to affect their electricity consumption. The typical control approach for a
VPP is to use direct control, however the combination of both direct and indirect control
is suggested to be beneficial [33]. The proposed VPP considers both direct and indirect
control but just the former is described hereafter.
In the literature logic based EMS are commonly used [34]. These systems make decision
based on tree rules (e.g., if-then-else). One important issue of these methods is that they
rely on a reactive control meaning that control actions are taken considering the current
state. On the contrary, predictive control considers both the current states and the future
ones usually leading to better solutions. MPC has been used in many application domains
and also in similar problems to the one faced by the VPP. Several studies have been done
on regulating HVAC systems, lighting in building and also on local storage production
facilities [35, 36, 37, 38]. MPC has also been considered to manage local storage, local
production and loads on a residential building in [39]. One important advantage of MPC
is the ability to handle complex dynamics and system constraints.
The proposed control method used by the VPP is based on a MPC. This controller
will regulate the DER in the building: generation, storage, shiftable loads and curtailable
loads. The non-curtailable loads will be tackled by an indirect control. The direct control
will be done solving a multi-objective optimisation problem: maximise comfort in the
building, minimise electricity cost and provide demand response. This later optimisation
parameter will be considered by minimising the difference between baseline electricity
consumption and electricity consumption with a demand response event. Multi-objective
functions in complex systems like the one introduced can present the problem of conflicting
goals. To tackle this problem in a MPC framework one can consider soft-constraints thus
enlarging the solution space. Adding soft-constrains imply increasing the complexity on
the problem to solve because for each soft-constraint one new variable is considered in the
optimisation function. Another parameter to consider is the length of the MPC horizon
and the resolution on each time step.
In Figure 3.4 the proposed MPC in the VPP framework is displayed. The MPC gets
information on the electricity prices and the weather forecast from external information
providers. The bidding module interacts with the aggregator and provides the MPC with
a curve of the desired electricity load with a demand response event. The consumers in-
teract with the building, the DER inside the later and the MPC by introducing comfort
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Figure 3.4: Model Predictive Control of a Residential Building.
constraints. The prediction module of the VPP uses forecasting models to provide pre-
dicted baseline electricity consumption. The MPC optimises according to the parameters
later stated and sends control signals to the local controlling infrastructure placed in the
building, which actuate to the different DER. The monitoring infrastructure closes the
control loop by providing measurements on the states of the DER and the building back
to the controller.





w1ρEL(k)CEL(k) + w2Φ(T (k), CO2(k), H(k))
+ w3 ‖ CEL(k)− CDR(k) ‖ + w4 ‖ ε(k) ‖
s.t. hmodel(x(k), u(k)) = 0
ghard(x(k), u(k)) ≤ 0
gsoft(x(k), u(k), ε(k)) ≤ 0
(3.1)
The optimisation problem minimises the cost function for a time horizon N consid-
ering different weights for each parameter w1, w2, w3 and w4. Normalisation should be
evaluated when having weighted multi-objective optimisation. Following standard control
nomenclature x(k) represents the system states and u(k) the control variables. ρEL is
the electricity price, CEL is the base electricity consumption, Φ is a index on discomfort
that depend on indoor climate conditions (temperature, CO2 levels and humidity). CDR
is the electricity consumption with demand response provision and ε(k) are the variables
linked to soft-constraints. hmodel is the function that models the system while ghard and
gsoft are the constraints. An example of hard-constrains could be energy balance whereas
a soft-constraint could be the indoor comfort:
Φmin − ε(k) ≤ Φ(T (k), CO2(k), H(k)) ≤ Φmax + ε(k) (3.2)
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The MPC is based on an iterative process where a model of the building is optimised
in a finite time horizon. For each instant k, the building states are sampled and the cost
function is computed for a determined time horizon k + N . Then the first step in the
control signal u(k+1) is sent to the building controllers and the process is started all over
again shifting the time horizon.
The envisioned control algorithm of the VPP is based in a MPC. A control design has
been outlined, but not implemented. When implementing the MPC some considerations
should be taken into account like the non-linearities of the system and the presence of
binary variables. Future work in this area will consist on implementing a MPC and
test it in a simulation environment evaluating different parameters like computational
performance.
3.4 Prediction Models for Electricity Consumption
Demand response programs are already a reality in the US in commercial and industrial
consumers, however the implementation in the residential sector is still in an early stage.
A major challenge in these programs is to estimate the normal or baseline electricity con-
sumption without a demand response event [40]. The difference between the electricity
load with and without demand response may be used to calculate the monetary remu-
neration for the customer. Current methods are various, from previous day matching to
regression methods [41]. There are many methods used to estimate the baseline however
none of the presented methods are shown to be precise enough at household level [40].
Many studies have been done on the residential sector using machine learning tech-
niques like support vector regression and neural networks [42, 43]. Some methods present
promising results however it seems unlikely they may be implemented in real life because
some utilities are not allowed to use black-box models [40]. Additionally, a large amount
of the proposed methods are built with data from the US, country with a high correlation
with temperature and electricity consumption due to air conditioners. However, there are
not many methods used in cold countries where the presence of air conditioners is low.
A model to estimate the baseline electricity consumption can be used by the EMS
of a residential building to optimally regulate energy resources while providing demand
response using MPC. In a VPP framework, such model could be used for controlling DER
and bidding demand response with an aggregator. Using as a case study the dataset from
the VPP4SGR project an initial investigation of different models to predict electricity
consumption in a residential building has been done. It is important to highlight that this
initial study has been developed as an assignment for one PhD courses thus constraining a
bit the techniques considered to the syllabus of the course. The aim has been to benchmark
different models to predict the electricity consumption of a residential building.
The data available for the VPP under the VPP4SGR project, at the time of writing
this document, comes from 5 different sources: sensor network in test bed GDL, weather
forecast from model developed by the Department of Environmental Science from AU,
Energinet.dk (Danish TSO), Nord Pool Spot and NRGi (Danish DSO). In total there are
64 possible predictors to estimate the response variable; however 16 variables have been
preselected with domain knowledge to simplify the analysis. Among the selected variables
there are commonly used variables in the literature like hour of the day, day of the week
or previous consumption. Other data has been considered, like data regarding indoor
climate conditions and water usage (reflect human activity) provided by GDL sensors,
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external weather conditions provided by the forecast model and grid CO2 emissions. All
these data is provided with different frequencies and it has been transformed to have 15
minutes resolution as the electricity data provided by NRGi. The electricity consumption
data has been shifted by one hour for the response variable as proposed in [44]. For each
of the predictors given to the model, the corresponding electricity consumption output
fed in the model is the electricity consumption in the building one hour into the future.
In order to have a manageable dataset one month of data has been considered (i.e.,
2,689 observations). The first step has been to divide the data on time in two groups:
the initial 75% for cross validation and the 25% for testing. Before analysing different
models three different performance indexes have been considered: Mean Square Error
(MSE), Mean Absolute Percentage Error (MAPE) and Coefficient of Variance (CV). The
statistics MAPE and CV are commonly used in the literature for evaluating prediction
models of electricity consumption [42, 43, 44]. Eleven different models have been trained,
some of them using cross-validation, and benchmarked (see Table 3.1).
Model MSE MAPE [%] CV[%] Complexity Transparent
Ordinary Least
Squares 4.53 22.57 34.11 16 Yes
Step Regression 4.43 22.64 33.82 7 Yes
Ridge Regression 4.58 22.54 34.46 16 Yes
Elastic Net 3.21 22.32 29.73 6 Yes
Bias Expansion 2.55 20.16 27.13 12 Yes
Principal Compo-




4.23 22.17 33.81 4 No
Regression Trees 1.17 11.62 18.54 16 Yes
Bagging Trees 1.02 10.65 17.21 150 No
Random Forest 1.08 11.13 17.82 100 No
Neural Networks 1.07 12.66 17.73 26 No
Table 3.1: Comparison of all Prediction Models Using GDL Dataset.
The selection criteria of a final model has considered the complexity of the model (i.e.,
variables used, number of trees in random forest and bagging trees and hidden layers in
neural networks), the transparency of the model i.e. whether or not is a black-box model
and the accuracy on prediction (MSE, MAPE and CV values). Regression trees have been
decided as the most suitable method of the considered ones because of its transparency
and good accuracy with MSE values of 1.17 kWh/15 min, MAPE of 11.62% and CV of
18.54% on the cross-validation dataset. Other models like neural networks or random
forest offered better accuracy but have been discarded for complexity and transparency.
The performance of the chosen model with the test dataset is shown in Figure 3.5, where
each of the seven peaks corresponds to a day with the habitual maximum in the afternoon.
As expected accuracy performance decreased slightly on the testing dataset leading to
values of 1.58 kWh/15 min, 13.7% and 21.79% on MSE, MAPE and CV respectively.
The conducted study has benchmarked eleven different methods to predict electricity
consumption and has decided the most suitable one based on model complexity, trans-
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Figure 3.5: Regression Trees Model on Testing Dataset.
parency and accuracy. High importance has been given to transparency to satisfy the busi-
ness needs of demand response, thus leading to discard more accurate but non-transparent
models. From a VPP perspective, the transparency in the model is not as important as
accuracy and complexity. Future work in this field, could be to consider a larger dataset
along with other methods like support vector regression or autoregressive integrated mov-
ing averages models. Additionally, analysing model accuracy under different time gran-
ularities and geographic aggregations (e.g. floor, building, apartment type etc.) thus
complementing the study done in [43] could also be considered.
3.5 Demand Response Bidding in Electricity Markets
With the higher penetration of DER in the electrical grid more flexibility in the con-
sumption side is required. The available flexibility on the DER deployed in a residential
building can become an attractive asset to be trade in the electricity markets. A VPP
can bid demand response to an agrgegator that trades in the market. However, in the
residential sector this flexibility may be subject to the behaviour of the residents.
In [45], the authors analyse the feasibility of having a flexible consumer in the Danish
day-ahead market and regulating power market. The authors claim that consumers with
electricity capacity of 20-70 kWh could enter the day-ahead market and with 70-230 kWh
in the regulating power market. In [33], the authors develop and test a new market to
attract small-scale DER in the regulating power market. Whether to adapt to the current
market structure or to create a new market co-existing with the existing ones the role of a
VPP in this new scenarios needs to be investigated. A generic market-based VPP for the
Nordic power market has been proposed in [15]. In [46], the authors propose a bidding
strategy for demand response and generating units to be provided by a VPP.
The flexibility potential that a VPP of a residential building can provided by demand




Current Status and Future Plans
This chapter summarizes the contribution done in the first part of the PhD, describes the
planned activities for completion of the project and concludes the document.
4.1 Current Work
The first part of the PhD has mainly been focused on designing and developing a VPP of a
residential building to be used as a framework for future research. The main contributions
are:
• The design of the ICT platform of the VPP and the initial prototyping of the de-
signed platform including a realistic laboratory set-up for future tests.
• A novel methodology to assess demand response protocols along with demand re-
sponse strategies.
• A design of a MPC-based control strategy for direct control of DER in a residential
building.
• An initial study on prediction models for electricity consumption in residential build-
ings.
The contributions mentioned have been turned in one accepted publication and one sub-
mitted (see Appendix A for more details). During the first 1.5 years of the PhD all the
required PhD courses have been completed (see Appendix B for more details). Further-
more, the dissemination activities done until now account to more than 350 hours and
the pending hours before completion of the second year of the PhD have been planned to
fulfil the 280 hours/year required from the Graduate School of Science and Technology
(GSST) at AU.
4.2 Future Plans
The future plans for completion of the PhD project have been briefly mentioned in the
previous chapter and are detailed here. The planned publications under the research areas
mention hereafter are displayed in Appendix A.
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4.2.1 VPP Deployment in Industrial Automation Electronics
The research done has led to a design of a VPP of a residential building and a laboratory
set-up ready to be tested. It is the intention to extend the laboratory set-up shown in
Figure 3.3 with the required add-ons to make a more relevant and realistic test bench.
This could include considering two apartments (two BC9191) to illustrated the aggrega-
tion capabilities of the VPP. Different control algorithms will be analysed for scheduling
appliances with demand response purposes and the possibility of adding a demand re-
sponse protocol (e.g., SEP2) will be considered. It has been planned to work on this topic
at the end of 2014 and the first months of 2015.
4.2.2 Controlling Algorithms for a Residential VPP
A direct control method based on a MPC has been proposed to regulate the local DER
in a residential building and demand response provision. It is the intention to analyse
the method proposed in a simulation environment together with electricity consumption
prediction models. In this scenario, different controlling techniques considering different
optimisation parameters could be analysed and a sensitivity analysis of the optimisation
function could be done. The computational characteristics of the control strategy could
also be analysed taking into account the device where the VPP could be deployed. The
research on the control side of the VPP is scheduled for autumn 2015.
4.2.3 Prediction Models for Electricity Consumption
An initial analysis of prediction models for electricity consumption in residential buildings
has been presented. The initial intention of the research in this area is to extend the
analysis done by considering a larger dataset and considering different prediction models
like support vector regression or autoregressive integrated moving averages models. Fur-
thermore, an analysis of the spatial and temporal granularity effect on the accuracy of
the model could be done thus extending the work done in [43]. Additionally, it would be
desirable to validate the method proposed in scenarios where the operation of the VPP
requires such methods (e.g., in the MPC operation). In order to have a larger dataset,
the research on prediction models has been scheduled during spring 2015.
4.2.4 Demand Response Bidding in Electricity Markets
The market approach of a residential VPP has not yet been analysed. In contrast to bigger
VPP, the envisioned VPP of a residential building is not meant to directly trade in the
electricity market but instead it would exchange demand response bids with an aggregator
that will trade in the market. The idea is to investigate on topics like the amount of
flexibility that a VPP of a residential building could provide, taking into account the
potential of this power flexibility in the electricity market but also which kind of bidding
strategy should the VPP conduct with the aggregator. The initial intention is to carry
out this research in the stay abroad, aiming to find a research institution with expertise
in this research area. The stay abroad is scheduled for summer 2015.
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4.2.5 Time planning
In the Gantt diagram displayed below the future plans sketch above are framed in time
together with other relevant milestones and tasks like the stay abroad and thesis writing.
The stay abroad is planned to last around 4 month starting on summer 2015.
Figure 4.1: Gantt Diagram.
4.3 Final Remarks
This document has introduced the PhD project "Virtual Power Plant for Residential De-
mand Response" carried out at the Department of Engineering at AU. The document has
summarised the progress of the PhD project during the first 1.5 years emphasising the
contributions done. Additionally, the report has outlined the future research activities for
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• ”Prediction Models of Electricity Consumption in Residential Buildings for Demand Re-
sponse”, conference publication, autumn 2015
• ”Potential of Building’s VPP to Provide Demand Response Aggregation to Electricity Mar-
kets”, conference publication, winter 2015
• ”Model Predictive Control of a Virtual Power Plant of a Residential Building”, conference
publication, spring 2016
• ”Virtual Power Plant of a Residential Building for Demand Response Provision: An Holistic
Approach”, journal publication, spring 2016
VPP4SGR Project Deliverables
• ”D2.2 - System Requirements”, December 2013, 22 pages, [Main editor]
• ”D2.3 - IT Platform Specification”, October 2014, 22 pages, [Main editor]




This section contains a list of all the courses taken during the first 1.5 years of the PhD project.
The sum of all the credits leads to 31 ECTS, thus fulfilling the requirements from the GSST from
AU. The courses has been chosen to complement the formation of the PhD study from a holistic
perspective. A brief description is provided for each of the courses.
Academic English for non-Danish PhD Students 09.2013-10.2013
Aarhus University, PhD Course, 3 ECTS
Transferable skills PhD course on tools and knowledge, in form of vocabulary and grammatical
structure, to critique, identify and write scientific articles.
Network Security Essentials 10.2013-01.2014
Aarhus University, Master Course, 5 ECTS
Reading master course on basics of network security, providing an holistic viewpoint, from
cryptography techniques to key distribution methods. Based on the book: W. Stalling,
”Network Security Essentials - Applications and Standards”, Pearson.
Data Management 02.2014-04.2014
Aarhus University, Master Course, 5 ECTS
Master course on database management systems. The course entailed an introduction to
different communication protocols and data formats, database design, database development
and database querying (SQL).
Specifications of IT Systems 02.2014-04.2014
Aarhus University, Master Course, 5 ECTS
Master course on specification of systems. The course provide insights in requirements elici-
tation, requirements specification, templates for specification, formal specification and tech-
niques on reviewing and inspecting specifications.
Introduction to R 04.2014-05.2014
Aarhus University, PhD Course, 1 ECTS
Transferable skills PhD course on introduction to the statistics software R.
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Science Teaching: Introduction to Science Teaching 05.2014-07.2014
Aarhus University, PhD Course, 3 ECTS
Transferable skills PhD course on science teaching. The course provided a toolbox of tech-
niques for teaching activities and know-how on designing a dissemination activity (learning
goals, assessment methods and activities).
Electricity Market Analytics 06.2014-07.2014
Aalborg University, PhD Course, 4 ECTS
PhD course on fundamentals on electricity market and optimisation techniques for these
markets. The course provided a detailed description of electricity markets and the clearing
mechanisms behind them. Additionally, the course introduces a set of optimisation techniques
(stochastic programming and robust optimisation) for decision making of different actors in
these markets.
Computational Data Analysis 08.2014-09.2014
Technical University of Denmark, PhD Course, 5 ECTS
PhD course on several methods for data analysis. The course provide a toolbox of methods
and models for regression and classification to analyse different datasets with vary of purposes.
Based on the book: T. Hastie, R. Tibshirani, and J. Friedman, ”The Elements of Statistical




ADS Automation Device Specification.
AU Aarhus University.
BRP Balance Responsible Party.
CEN-ELEC European Committee for Elec-
trotechnical Standardization.
CV Coefficient of Variance.
DER Distributed Energy Resources.
DSM Demand-Side Management.
DSO Distribution System Operator.
EMS Energy Management System.
EU European Union.
EV Electric Vehicle.
GDL Grundfos Dormitory Lab.
GSST Graduate School of Science and Technology.
HVAC Heating, Ventilating and Air Conditioning.
ICT Information and Communication Technology.
KMP Kamstrup Meter Protocol.
MAPE Mean Absolute Percentage Error.
MPC Model Predictive Control.
MSE Mean Square Error.
NIST National Institute of Standards and Tech-
nology.
OPC Object Linking and Embedding for Process
Control.
PLC Programmable Logic Controller.
SEP2 Smart Energy Profile 2.0.
TSO Transmission System Operator.
US United States.
VPP Virtual Power Plant.
VPP4SGR Virtual Power Plants for Smart Grid
Ready Buildings and Customers.
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